INTRODUCTION
Infectious salmon anemia (ISA) virus has caused disease in farmed Atlantic salmon Salmo salar in New Brunswick (NB) since 1996 (O'Halloran et al. 1999 ). This severe disease, characterized by lethargy, anorexia, anemia, internal organ damage and death (Thorud & Djupvik 1988 , Byrne et al. 1998 , has occurred sporadically throughout New Brunswick fish farms in the Bay of Fundy, and in 1998 approximately 22 of the 83 salmon farms were completely depopulated for control purposes (O'Halloran et al. 1999 ). Costly control methods used on New Brunswick Atlantic salmon farms include a surveillance program, early slaughter of fish from test-positive cages, and indemnity programs.
Current industry control programs require ISA testing on moribund fish at least every 6 wk for every farm. Such surveillance results in mandatory slaughter of all fish in a cage if there have been at least 2 positive tests on at least 2 fish and fish in the cage have clinical signs of ISA. There are several commercial diagnostic tests, ABSTRACT: Infectious salmon anemia (ISA) is a viral disease in farmed Atlantic salmon Salmo salar, characterized by lethargy, anorexia, anemia and death. Test methods used for regulatory decisions to remove infected cages include the indirect fluorescent antibody test (IFAT), the reverse transcription-polymerase chain reaction test (RT-PCR), and virus isolation (VI). However, no thorough evaluation of these diagnostic tests has been carried out on field samples. The objective of this study was to evaluate the sensitivity and specificity of ISA diagnostic tests as individual tests and in combinations, using data collected by the provincial government surveillance program. Because a 'gold standard' reference test for ISA was not available, cage status was based on clinical disease records. A pool of fish from negative farms that had never had clinical ISA and a pool of fish from positive cages that were experiencing an outbreak of clinical ISA were obtained and assumed to be uninfected and infected respectively. A total of 1071 fish were used in this study. Depending on the test's cut-off value, the sensitivity and specificity for histopathology ranged from 30 to 73 and 72 to 99% respectively. IFAT had sensitivities and specificities in the range of 64 to 83 and 96 to 100% respectively. For the RT-PCR, sensitivity and specificity were 93 and 98% respectively. Test performances were also evaluated in series and in parallel combinations. Sensitivities are maximized when tests are evaluated in parallel, and ranged from 75 to 98%. Specificities are maximized when the tests are evaluated in series, and ranged from 99 to 100%. Current surveillance testing protocols should be reviewed to capitalize on this newly available information on test characteristics.
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Resale or republication not permitted without written consent of the publisher including (1) virus isolation (VI) (Dannevig et al. 1995 , Bouchard et al. 1999 , (2) indirect fluorescent antibody technique (IFAT) (Falk et al. 1998) , (3) reverse transcription-polymerase chain reaction (RT-PCR) (Mjaaland et al. 1997) , and (4) histopathology on fish tissues (Evensen et al. 1991 , Simko et al. 2000 . Performance characteristics of these tests are unknown, and test results from the same fish are often inconsistent. Although the ISA diagnostic tests have not been evaluated, results are used to make sizeable monetary decisions.
There are many different parameters to consider when describing test performance, but 2 of the most important are sensitivity and specificity (Noordhuizen et al. 2001) . Given that an animal is diseased, diagnostic sensitivity is the proportion of animals that test positive. Given that an animal is not diseased, diagnostic specificity is the proportion that test negative. The computations of these 2 parameters in the simplest situation are computed in Table 1 . Often diagnostic tests are used in combination on the same animal to improve the chances of a correct diagnosis, and the results can be interpreted in 1 of 2 ways. When the tests are combined in parallel, the interpretation is positive if 1 or both of the individual tests are positive and negative only when both of the individual tests are negative. When the tests are combined in series, the interpretation is positive only if both of the individual tests are positive and otherwise the interpretation is negative.
Analytical sensitivity differs from diagnostic sensitivity (described above) as it measures the lowest level of detectable pathogen the assay can identify as the pathogen (Jacobson 1998) . Many studies have been performed to measure analytical sensitivities for important salmon pathogens including bacterial kidney disease Renibacterium salmoninarum (Sakai et al. 1989) , infectious hematopoietic necrosis virus (Medina et al. 1992 ), viral hemorrhagic septicemia virus, and infectious pancreatic necrosis virus (McAllister 1997) . Analytical specificity measures an assay's ability to correctly identify a specific pathogen, minimizing the test's cross-reactivity with other pathogens. Studies measuring the diagnostic sensitivities and specificities of important salmon diseases are very limited (Opitz et al. 2000) . A brief evaluation of ISA diagnostic tests from these surveillance data has been reported previously (McClure et al. 2003) , but not in the context of evaluating the surveillance program. An efficient surveillance program should be based on a quantitative assessment of test performance in order to make prudent decisions regarding cage removal because of disease.
Because performance reliabilities for each of the diagnostic tests were unknown, many tests were performed simultaneously on tissue from the same fish from 1998 to 2000 by the provincial government as part of the early surveillance program. These results were made available for evaluation of the diagnostic tests. The objectives of the present study were 2-fold. The first objective was to determine the sensitivity and specificity of as many ISA diagnostic tests as possible. The second to evaluate the use of these tests in the current surveillance diagnostic protocol.
MATERIALS AND METHODS
The data. In total, 30 255 test results were available from 8167 specimens of Salmo salar from New Brunswick. However, much of the data were not included here because the disease status of each fish's cage was available only from April 1999 to January 2000. All fish that had known diseases other than ISA were removed from the data set. For the purpose of calculating sensitivity and specificity, our gold standards for disease status were (1) ISA negative fish came from farms (sites) that had no outbreak of ISA in any cages during the period, (2) ISA positive fish came from cages that were experiencing clinical disease (defined by > 0.05% mortalities d -1 at the time of sampling) which was attributed to ISA by regulatory officials.
Further, some of the tests and laboratories were dropped from the analysis because the numbers of samples were too small for statistical analysis. (Evensen et al. 1991 , Simko et al. 2000 . For sensitivity and specificity, histopathology data was analyzed in 2 different ways, first with the suspect cases considered positive, and second with the suspect cases considered negative. The IFAT results were reported as negative, 1+, 2+, 3+, or 4+ based on increasing fluorescence intensity of immunologic staining of the virus in kidney tissues as read by a trained technician (Falk et al. 1998) . The IFAT results were analyzed using 2 different cut points, first using 1+, 2+, 3+, or 4+ as a positive result (IFAT 1), and second using negative and 1+ as a negative result and 2+, 3+, and 4+ as a positive result (IFAT 2). The RT-PCR which is based on identifying viral RNA in the kidney (Mjaaland et al. 1997) , and VI which is based on growing virus in an appropriate cell line (Dannevig et al. 1995 , Bouchard et al. 1999 ) have dichotomous results reported as positive or negative. Because of the expense of the VI test, pools of up to 5 fish were tested as 1 sample, and all fish in the pool were assigned a positive result if the pool were positive. Some fish were tested by VI individually (not in a pool), and the results noted. The resulting data was used in the determination of sensitivity and specificity.
Estimate of sensitivity and specificity for individual tests. Sensitivities (Se), specificities (Sp), and corresponding 95% confidence intervals (CI) were calculated in 2 different ways. Firstly, test sensitivity, specificity, and 95% CI (exact, based on the binomial distribution [Newcombe 1998 ]) were calculated from a 2 × 2 table for all test results and the gold standard classifications described above. For the VI tests, sensitivities, specificities and 95% confidence intervals were calculated from the 2 × 2 table using the results from fish tested individually.
Secondly, to adjust for clustering of test results within a farm, Se and Sp were calculated using a series of steps for all tests except the VI (because of the small number of fish tested). Separate analyses were carried out for the gold standard-positive and for the gold standard-negative fish.
Step 1: A logistic regression model can be used to describe the probability of a positive or a negative test result conditional on the disease state of the fish. Because fish were sampled from different farms and the results from fish from the same farm may not be independent from each other, a random effects logistic regression model with the farm as the random effect, the test result as the outcome, and maximum likelihood estimation of the model's parameters was used (Rabe-Hesketh et al. 2002) .
Step 2: A random effects model yields 'subjectspecific' estimates, but 'population-averaged' estimates which give the average sensitivity across farms are more appropriate to describe test characteristics. To derive the 'population-averaged' estimates of Se, the logit of the sensitivity (y) was calculated by the formula:
(1) in which β 0 was the constant from the random effects logistic regression model for the ISA positive population and σ 2 was the estimated variance of farm random effects (Zeger et al. 1988) . The logit of the specificity was calculated similarly.
Step 3: The logit of the 'population-averaged' estimates of the Se was converted to estimates of Se using the formula Se = e y /(1+e y ) with y from Step 2 for the ISA positive population. Specificity was calculated using Sp = 1 -e y ͞(1 + e y ), with y from Step 2 for the ISA negative population. Confidence intervals for sensitivity and specificity were calculated with the same formulas when substituting the limits of its CI for the constant, β 0 .
Step 4: To assess the degree to which the samples at the same farm were dependent, the intraclass correlation coefficient (ICC) was calculated as σ 2 ͞(σ 2 + 3.29) (Snijders & Bosker 1999) .
Step 5: To assess how the tests would perform if used on a new farm in New Brunswick, 90% prediction intervals for the farm's sensitivity and specificity were computed by the formulas in Step 3 and letting (2) where SE(β 0 ) is the standard error of β 0 .
Prediction intervals are wider than normal confidence intervals because they include additional variation (σ) due to the random effects. The prediction intervals were relaxed to 90% because of the small number of farms in the study.
Estimate of sensitivity and specificity using 2 tests in combination. The sensitivity and specificity for each combined pair of tests was calculated by 2 methods, directly from the actual data which accounts for any dependence between the 2 tests, and indirectly from the individual tests' sensitivity and specificity assuming independence between the 2 tests. If the tests were dependent, test correlations were calculated to evaluate the degree of dependence.
Direct estimate: For the direct estimate, every diagnostic test was paired with each of the other diagnostic tests. The individual test results were evaluated in both series, and parallel, forming a new test result for the combined tests. These new results were then tabulated with the disease status of each fish in a 2 × 2 table, and sensitivity and specificity were estimated directly.
Indirect estimate assuming independence: Assuming independence between the 2 tests, the sensitivity and specificity of using 2 tests in parallel and in series were estimated using these formulas (Noordhuizen et al. 2001 Evaluating dependence between tests: If 2 tests evaluated in combination are independent, the direct estimate of the combined test properties should be the same as the indirect estimate if the same samples are used in each estimate. Because the 2 tests evaluated in combination may not be independent, the covariance can be estimated as a measure of their dependence. Independence of 2 tests, when fish were divided by their true disease status, was assessed by Fisher's exact-test (Gardner et al. 2000) . If the p values for the Fisher's exact test were significant at p ≤ 0.10, the covariances of the test pairs were calculated.
The sensitivity covariance between the 2 tests used in combination is calculated as γ Se = p 11 -Se 1 Se 2 , where p 11 is the probability of both tests being positive when the fish is diseased, and Se 1 and Se 2 are the sensitivities of the 2 tests that are calculated from only those samples the 2 tests have in common (Gardner et al. 2000) . The specificity covariance between the 2 tests used in combination is calculated as γ Sp = p 00 -Sp 1 Sp 2 , where p 00 is the probability of both tests being negative when the fish is not diseased, and Sp 1 and Sp 2 are the specificities of the 2 tests calculated from only those samples the 2 tests have in common.
The upper and lower limits for possible values for the covariances were calculated according to Gardner et al. (2000) . The covariances are directly affected by the values of Se and Sp, so the strength of the dependence was normalized by γ/maximal possible value of γ, as determined by the upper and lower limits.
RESULTS

The data
The final data set contained 3721 test results from 1071 fish (807 negative and 264 positive). These fish came from 238 different cages and from 23 different farms.
Estimate of sensitivity and specificity for individual tests
Sensitivities and specificities with their associated confidence intervals for each test analyzed without (combined estimate) and with (population estimate) 122 the random effect of the farm are shown in Table 2 . In general, the sensitivity and specificity for histopathology ranged from 30 to 73 and 72 to 99% respectively, depending on the cut-off value. IFAT had sensitivities and specificities in the range of 64 to 83 and 96 to 100% respectively. For RT-PCR sensitivity and specificity were 93 and 98% respectively, and for VI sensitivity was 67% and specificity was in the range of 99 to 100%. The small number of fish that were tested by VI made it impossible to evaluate the random effects of site with this test. Accounting for the within-farm correlation altered the estimates for the other tests only slightly. There was significant withinfarm correlation for the sensitivity for histopathology for suspects considered negative and the DAFA IFAT 1 (cut-off between negative, and 1+) as well as the specificity of histopathology with suspects considered positive, DAFA IFAT 1, and the RT-PCR.
Estimate of sensitivity and specificity using 2 tests in combination
Sensitivities and specificities calculated in series and parallel with their associated conditional covariance for each pair of tests are shown in Tables 3 and 4 respectively. The test combinations with the virology tests from 2 different laboratories were not included in the analysis because of the limited number of samples these 2 tests had in 123 common with the other tests. Sensitivities were maximized when tests are evaluated in parallel, and ranged from 75 to 98% for the direct calculation from the actual data. Specificities were maximized when the tests are evaluated in series, and ranged from 99 to 100%. Also included in Tables 3 & 4 are the sensitivities and specificities calculated in series and parallel assuming the tests are independent. These numbers were calculated from the individually calculated sensitivities and specificities presented in Table 2 .
Except for the combinations of tests with significant dependence, all sensitivities and specificities changed only slightly compared when calculated with the actual data the 2 tests had in common. There were significantly dependent tests (p ≤ 0.05) for the gold standard positive fish for 7 of the 18 test combinations, as shown in Table 3 . The covariances were all positive and ranged from 0.016 to 0.100. The sensitivity γ/maximal possible value of γ ranged from 21 to 100%, or complete dependence. There were no significantly dependent tests for the gold standard negative fish.
DISCUSSION
The farmed Atlantic salmon industry in New Brunswick is currently dealing with a diagnostic testing dilemma. The surveillance program tests many moribund fish from all farms in New Brunswick. If a cage is falsely diagnosed as negative for ISA, viral loads may increase and potentially spread to other cages or to neighboring farms. If a cage is falsely diagnosed as positive with ISA, the fish are harvested early, resulting in high economic losses due to large volumes of non-market size fish going to market. As both of these scenarios are unacceptable, the identification of a diagnostic testing program with high sensitivity and specificity is imperative.
Evaluation of individual tests
The results of our study showed the highest sensitivities and specificities in RT-PCR tests performed by the RPC laboratory. The RT-PCR test results are usually returned within a few days. Unfortunately the expense of this test (> 35 US $ per fish) may limit its adoption by the industry. The quickest and least expensive test available is the IFAT. Unfortunately, this test's sensitivity is at best 83%, leading to 17% of the truly positive fish testing as falsely negative. Histopathology did not perform very well as an ISA diagnostic test, but this test does have 2 advantages: it is relatively inexpensive and there is the potential to diagnosis a concurrent disease. Performance evaluation of VI was difficult in this data set because most results were reported as pools, and the final evaluation was made only on fish that were tested individually. While the specificity of the VI is excellent, the sensitivity was poor for RPC's VI and not evaluated for AVC due to an insufficient number of samples. An advantage of VI is that a positive result indicates there is live virus in the sample. However, poor sensitivity, high expense and long incubation periods restrict the use of this test (Dannevig et al. 1995) .
Interestingly, the sensitivity of the IFAT2 from the RPC laboratory was much higher than the sensitivity of the IFAT2 from the DAFA laboratory (> 9%). This inconsistency is an example of how different laboratories can reach different results for the same sample tested by the same type of test. The most likely reason for this discrepancy is the reading of the IFAT slides by a technician. There is a different technician in each laboratory, and their interpretation of the number of fluorescent viral particles on a slide is subjective. Other possible reasons for the discrepancy are the use of different reagents and protocols as well as variations between laboratories, including temperature, light, and equipment.
Sample size
If the sample size were increased by increasing the number of fish tested and number of tests run on each fish, then the precision of the sensitivity and specificity for each test would be improved. Unfortunately, the individual test sensitivities and specificities were calculated using an historic data set in which the number of fish tested and the number of tests run on each fish were already determined.
Because these diagnostic tests are being used to identify infected cages for early harvest, cage-level sensitivity and specificity are actually more important than individual fish sensitivity and specificity of the tests. As the number of fish tested increases per cage, the cage-level sensitivity increases (Dohoo et al. 2003) . However, it was not possible to calculate cage-level sensitivity and specificity because the number of fish tested per cage was not fixed but ranged from 1 to 22 fish. The importance of cage-level sensitivities and specificities should not be ignored, and are currently being investigated.
Bias associated with data selection
Although we have estimated the sensitivities and specificities of these diagnostic tests, a critical review of the methods is important. Defining disease status on samples from perfectly healthy sites and highly diseased cages introduces bias that will cause tests to appear to perform better than they would if applied to all fish (Brenner & Gefeller 1997) . Fish that have just been infected and are not showing any signs of disease may not test positive with the available tests, resulting in a loss of sensitivity. Because the data was reduced significantly to identify obviously diseased and disease-free fish, test performance results in this study appear better than they would have had the tests been assessed using the entire spectrum of disease states naturally present in production populations.
Conversely, the sensitivity of the VI test may have been falsely lowered. The DAFA laboratory pooled tissue samples from 1 to 5 fish. Fish in a pool usually came from the same cage, with the number of fish in the pool varying with the severity of disease in the cage. If there were 5 fish in a pool, the cage probably had high mortalities and advanced disease. If there was only 1 fish in a pool, there was probably only that 1 dead fish in the cage; therefore, the chance of the fish in that cage having advanced clinical illness was lower. Such fish may be infected, but may not have abundant live virus to easily create cytopathic effect on the cell culture, the endpoint of the VI test.
Accounting for clustering of within-farm results
The random effects model was used to account for the fact that fish from 1 farm are potentially more alike than fish from different farms. Using Steps 2 and 3 (see 'Materials and methods'), 'population averaged' estimates of sensitivity and specificity were estimated from the results of the random-effects logistic regression model. These estimates would be more accurate than the combined estimates in tests where there was significant within farm correlation. In addition, the model provides prediction intervals (Step 5) for how the test would perform if it were used on a new farm in New Brunswick, or a farm not included in this study. When variation between farms is present, these intervals are wider than the confidence intervals because they incorporate farm-to-farm variation. Possible reasons for extra variation between farms include genetic differences, geographic location, age of fish at the farm, and management factors (feed, handling, sea lice burdens, hygiene, etc.). A hypothetical scenario might involve a strain of Atlantic salmon with improved resistance to ISA virus such that these fish rarely replicate enough virus to test positive with the IFAT test. This would result in an increase in falsely negative tests for fish from farms raising this strain of salmon, and could explain the wide 90% predicted interval for the IFAT tests. A hypothetical geographical example might be that dead fish that come from more remote farms are not processed as quickly as dead fish from local farms. As dead fish decompose, the integrity of the viral RNA might be jeopardized. Fish from these farms are more likely to show false negatives with the RT-PCR test as a result of the increased time to processing, as reflected by the very wide 90% predicted interval for the sensitivity for the RT-PCR test. The population estimate for the RT-PCR is 0.932, and the 90% predicted interval ranges from 0.828 to 0.981.
Evaluating independence of test results
A common assumption when interpreting tests in combination is that the 2 tests are conditionally independent (Gardner et al. 2000) . In this study, we were able to interpret the combinations both by assuming conditional independence, and by the more accurate interpretation in which we accounted for conditional dependence. Conditional dependence of test sensitivities occurs when the second test has a different sensitivity for diseased fish that test positive in the first test compared to those that test negative in the first test. Conditional dependence of test specificities occurs when the second test has a different specificity for nondiseased fish that test negative in the first test compared to those that test positive in the first test. The measures of dependence between 2 tests' sensitivities and specificities are measured by the covariances of the sensitivities and specificities and are gauged by the covariance/maximal covariance of the 2 tests' sensitivity and specificity. If interpreting 2 tests in parallel when the 2 tests have a high sensitivity covariance/maximal covariance, then using the second test will not yield much new information and the resulting sensitivity will be little more than just using the 1 test with the better sensitivity. The same is true for specificities when interpreting in series. It should be noted that 2 tests with a covariance/maximal covariance for sensitivities (or specificities) equal to 1 are only in complete agreement for positive (negative) fish if the sensitivities (or specificities) of the 2 tests are the same.
The best tests to use in combination may not always be those with the best individual sensitivities and specificities, but could possibly be the tests that have the lowest sensitivity and specificity covariance/ maximal covariance. One example of this effect is the use of histopathology (with suspects being considered negative) and the DAFA IFAT 2. The sensitivity covariance/maximal covariance was very low at 0.133 and the sensitivity of the tests in parallel jumped from 0.302 for the histopathology and 0.644 for the IFAT to 0.746 for the combined sensitivity.
A positive dependence should be expected in tests that measure the same biological process (Gardner et al. 2000) , as can be seen when combining the IFAT with the positive cut-off between negative and 1+ from DAFA and RPC. Both tests measure the level of virus present in kidney imprints on glass slides. The covariance of the sensitivity was 0.100, with a sensitivity covariance/maximal covariance of 0.697, which was the highest positive dependence measured in this study that was not equal to 1. Were these tests independent, we would expect that sensitivity in parallel would be 96%, but because they are very dependent, the sensitivity in parallel is only 87%. This can be compared to the previous example in which histopathology was used in conjunction with IFAT. Positive diagnosis for ISA using histopathology is based on microscopic lesions in the fish tissues, while the IFAT test is based on the presence of virus in the kidney. The biologic processes are different, thus the tests are less likely to be dependent.
Estimates for sensitivities and specificities for ISA diagnostic tests are helpful in choosing which test will be most likely to return a true result. However, each test measures something different about the disease. Virus isolation measures the live virus (Dannevig et al. 1995 , Bouchard et al. 1999 , RT-PCR measures viral RNA (Mjaaland et al. 1997) , IFAT measures viral antigen (Falk et al. 1998) , and histopathology assesses lesions (Evensen et al. 1991 , Simko et al. 2000 . If RT-PCR is positive, there is most probably ISA viral RNA in the fish, but this does not necessarily indicate that the fish is clinically ill or actively shedding virus. Until we are capable of predicting the clinical disease and increased mortalities of the fish in a cage using diagnostic tests, test results should be interpreted cautiously.
Evaluation of surveillance program using performance of combined tests
Currently, the New Brunswick Department of Agriculture, Fisheries, and Aquaculture (NBDAFA) uses a 2 test approach for its ISA surveillance program. Every 6 wk, a sample of suitable moribund or dead fish from every farm is tested for ISA. The whole fish are brought directly to the provincial laboratory on ice and a necropsy is completed, or samples are taken on site, placed on ice, and brought to the laboratory. Samples are taken for all the routine tests available. Kidney imprints are tested by IFAT at the DAFA laboratory immediately, and all other tissue samples are stored for future testing. If the IFAT result is negative, the fish are considered ISA negative and no further testing is made. If the IFAT result is positive, the stored tissue is sent to the RPC laboratory for RT-PCR testing. If this test result is positive, then the fish is considered to be positive; if it is negative, then the fish is considered to be negative. The results of this study suggest that this series interpretation has a sensitivity of 0.76 and a specificity of 1.00. Therefore, using this testing protocol approximately 24% of truly positive fish are falsely being labeled as negative for ISA.
An alternative approach would be to choose a testing strategy that maximizes sensitivity and specificity. The simplest approach would be to test all fish with the RT-PCR test. This test has a high sensitivity (0.93) and a high specificity (0.98). However, due to its price, it is poorly suited for use on all fish tested in the surveillance program. Of the combined tests, the best performing pair of tests was the IFAT and RT-PCR with the tests interpreted in parallel. Unfortunately, this yielded only slightly improved sensitivities and specificities compared to the RT-PCR alone, and would still require testing all fish with the pricey RT-PCR test. Another option is using both of the IFAT tests in parallel. If the DAFA IFAT is interpreted with a positive cutoff between 1+ and 2+ (DAFA IFAT 2) and the RPC IFAT is interpreted with a positive cut-off between negative and 1+ (RPC IFAT 1), then the resulting sensitivities and specificities would be 0.87 and 0.97, respectively. This testing strategy, although not perfect, would offer improved sensitivity at a reasonable cost. Before testing strategies are changed, an in-depth study using a larger disease-positive pool, and an economic analysis using the number of fish tested by the DAFA surveillance program and the cost of the individual tests should be completed.
